Humans have more than doubled the amount of reactive nitrogen (N) in the biosphere ( Galloway and Cowling, 2002 ) . This N enrichment has been shown to decrease surface and ground water quality, acidify soil, and eutrophy water bodies, affect carbon (C) sequestration, and alter plant species composition ( Vitousek et al., 1997 ; IPCC, 2001 ; Tilman et al., 2001 ) . In plant communities, many studies have shown that a few species increase in dominance and many species decline, causing overall declines in diversity ( Stevens et al., 2004 ; Clark et al., 2007 ) . Despite this consistent pattern across many systems, it is still largely unknown why some species do well but others do poorly under enriched N conditions. A typical assumption is that competition is the primary mechanism for species loss with N enrichment ( Grime, 1973 ; Newman, 1973 ; Huston, 1979 ; Tilman, 1987 ; Goldberg and Miller, 1990 ; Rajaniemi, 2002 );  however, the few tests have yielded little empirical support ( Stevens and Carson, 1999 ; Rajaniemi, 2003 ; Suding et al., 2005 ) .
The soil microbial community may be a key player driving plant community response to increasing N deposition ( Johnson et al., 2008 ; van der Heijden et al., 2008 ) . It is well established that N enrichment changes bacterial and fungal community composition ( Egerton-Warburton and Allen, 2000 ; Compton et al., 2004 ; Egerton-Warburton et al., 2007 ; Porras-Alfaro et al., 2007 ) , microbial biomass and activity ( Fisk and Fahey, 2001 ; Compton et al., 2004 ; Schmidt et al., 2004 ; Treseder, 2008 ) , and root colonization by endophytes ( Treseder, 2004 ) . Because the soil microbial community can regulate plant diversity and community composition, for example, through species-specifi c feedbacks with soil pathogens and mutualists ( van der Heijden et al., 2008 ) , shifts in microbial structure and function due to N deposition may affect some plant species more strongly than others, and thus alter plant community structure ( Johnson et al., 2008 ) .
Changes in plant-microbe interactions could affect the success of plant species with N enrichment if N differentially infl uences the benefi ts the plant receives from microbes (e.g., nutrient uptake, protection from pathogens) and/or the costs to the plant of the plant-microbe associations (e.g., reduced C storage) ( Johnson et al., 1997 ) . While these effects on plant success could occur due to changes in the soil microbial community (e.g., more parasites or pathogens at high N), they also Microbial community quantifi cation -The abundance and 13 C transfer to the fungal and bacterial soil communities were measured with PLFA biomarkers using the procedure of Waldrop and Firestone (2006) and White and Ringelberg (1998) . PLFAs were quantifi ed using di-19:0 PC (1, 2-dinonadecanoylsn-glycero-3-phosphocholine, Avanti Polar Lipids, Alabaster, Alabama, USA) added before extraction and 10 : 0 FAME (methyl decanoate, SigmaAldrich, St. Louis, Missouri, USA) added before PLFA identifi cation and quantifi cation. FAMEs were analyzed using a Hewlett Packard (Agilent) 5890 Series II gas chromatograph (GC) with a 30 m × 0.32 mm × 1.0 mm ZB-5 column (Phenomenex, Torrance, California, USA) connected via an Europa ORCHID on-line combustion interface (PDZ Europa, Cheshire, UK) to an Isoprime 100 isotope ratio mass spectrometer (IRMS) (Isoprime, Cheadle Hulme, UK). The GC analyzed extracts in a splitless injection, with an initial temperature of 45 ° C for 2 min, ramped to 170 ° C at 25 ° C·min −1 , ramped to 200 ° C at 0.5 ° C·min −1 and held for 20 min, and ramped to 250 ° C at 2 ° C·min −1 and held for 10 min. Peak identifi cation was determined by chromatographic retention time relative to a Microbial ID system (MIDI, Newark, Delaware, USA).
PLFA biomarkers were assigned to nine microbial categories. Fungal markers were 18:2 ω 6 and 18:1 ω 9 ( Zelles, 1997 ; Zogg et al., 1997 ) . Gram-positive bacteria were 14:0i, 15:0i, 15:0a, 16:0i, 17:0i, and 17:0a ( Zelles, 1999 ; McKinley et al., 2005 ) . Actinobacteria were considered to be 17:0 10Me ( Frostegård et al., 1993 ; Kelly et al., 1999 ) and 16:0 10Me and 18:0 10Me ( McKinley et al., 2005 ; Bird et al., 2011 ) . Gram-negative bacteria markers were 16:1 ω 9, 16:1 ω 7, 18:1 ω 7, and 18:1 ω 5 ( McKinley et al., 2005 ) . Cyclopropyl bacteria were 17:0cyc and 19:0cyc ( Zogg et al., 1997 ; Bird et al., 2011 ) , desulfovibrio bacteria were 17:1 ω 7 ( McKinley et al., 2005 ) , and protozoa were 20:4 ω 6 ( McKinley et al., 2005 ) . General bacterial markers were 14:0, 15:0, 17:1 ω 8, and 17:0 ( Marschner, 2007 ) . Unassigned PLFAs (15:1i, 16:1i, 16:1 ω 5, 16:0, 16:0 12Me, 16:1 2OH, 18:0, 18:1w7 11Me, 18:3 ω 6, 20:0, 20 :1 ω 9) were also included in microbial community analyses ( Bird et al., 2011 ) . The PLFA 16:1 ω 5 has been found in arbuscular mycorrhizal fungi (AMF) as well as gram-negative bacteria ( Olsson and Wilhelmsson, 2000 ; Herman et al., 2012 ) , so it was regarded as unassigned; however. it was relatively rare (Appendix 1) and not labeled as much as other markers (such as fungi and gram-negative bacteria, Appendix 2) suggesting its role in plant C dynamics is not large. PLFA nomenclature consists of the number of C atoms, the number of double bonds, and the position of double bonds and branching (iso or ante) ( Ratledge and Wilkinson, 1988 ) . All unsaturated fatty acids are in the cis conformation.
Because 13 C transfer to PLFA represents only a small sink for the total amount of 13 C transferred to the soil (PLFA only includes C in living cell membranes), we quantifi ed the rate of 13 C transfer to the soil using limited soil 13 C data from fi ve samples. Due to time constraints and the imprecise nature of soil 13 C data, more soil samples were not processed.
Preformed leaf measurement -We collected Geum plants for preformed leaf counting from the control, nitrogen, and no removal and competitor removal 1 m 2 plots (the fi rst set of experimental plots) on 29 July 2010. A Geum could occur due to changes in the nature of the relationship between a plant species and microbial taxa (e.g., the same fungal taxa might be mutualistic at low N but parasitic at high N ( Kogel et al., 2006 ) ). Because increases in N typically reduce reliance of plants on fungal symbionts ( Treseder, 2004 ) , plants that can reduce allocation to their symbionts may fare better under N enrichment.
We tested the importance of changes in plant-microbe interactions for two plant species in the alpine tundra moist meadow. This community is codominated by two plant species that respond differently to N enrichment: the forb Geum rossii (R. Br.) Ser. (Rosaceae) undergoes large population declines with N addition, and the grass Deschampsia cespitosa (L.) P. Beauv. (Poaceae) increases in abundance with N addition ( Fig. 1 ) . Importantly, we know that the decline of Geum with N enrichment is not due to generally assumed competitive mechanisms, because this decline occurs even when Deschampsia is experimentally removed ( Suding et al., 2008 ) ( Fig. 1 ) . To test whether plant-microbe interactions may infl uence the differential success of these species, we used a 13 C tracer to examine C allocation within the two plant species in control and N-fertilized conditions, and we assessed C acquisition by their associated microbial communities using phospholipid fatty acid (PLFA) analysis. While this method does not allow us to distinguish whether the plants or soil microbes are controlling C transfer, it does allow us to quantify whether the exchange differs and thus whether interactions may be changing. We further assessed whether these altered plant-microbe associations may result in C limitation by comparing N effects on C : N ratios in Geum and Deschampsia and leaf preformation and rhizome carbohydrate stores in Geum . Many studies have used stable isotope techniques to assess ecosystem-level C transfer and cycling; however, this is the fi rst time that 13 C tracer experiments have been used in the fi eld to quantify differences in plant-microbe interactions in a comparative species approach.
MATERIALS AND METHODS
The study was conducted in moist meadow alpine tundra on Niwot Ridge (40 ° 03 ′ N 105 ° 35 ′ W) in the Front Range of the Rocky Mountains, Colorado, USA. The study was carried out in a long-term fertilization experiment initiated in 2001. The maximum rate of nutrient input for the experiments was estimated at 28.8 g N·m −2 yr −1 (urea-N) enough to saturate the system ( Bowman et al., 1993 ) . The experiment is replicated across seven sites within a ~5 km 2 region on Niwot Ridge, elevation 3397 to 3544 m a.s.l. and consists of two types of treatment plots.
The fi rst set of plots consists of 1-m 2 plots that were established in areas that were codominated (in equal abundances, about 33%) by Geum and Deschampsia ( Suding et al., 2008 ) . Treatments include nitrogen fertilization (control, fertilized) crossed with species removal (no removal, Geum removal, Deschampsia removal) for a total of 42 plots (2 fertilization levels × 3 removal treatments × 7 replicates = 42 plots). Species composition was estimated annually using the point intercept method since 2002.
The second set of plots consists of smaller plots (65 × 35 cm) that were dominated by either Geum or Deschampsia and have a fertilization treatment (2 species × 2 fertilization levels × 7 replicates = 28 total plots). We conducted the 13 C labeling and collected rhizomes for carbohydrate analysis in this set of plots.
13 C labeling experiment -We labeled plants in fertilization treatments in the fi eld during the summer of 2010. In mid-June, PVC tubes (7.6 cm diameter × 7.5 cm deep) were sunk to a depth of 6.5 cm around one individual Geum or Deschampsia plant in each plot, to contain the 13 C label within a set individual plant and soil volume. A knife was used to cut around each plant, then the PVC was hammered over it. The cores were removed with soil intact, the bottom was winter, we sampled at the end of the growing season as plants were beginning to senesce. Rhizomes were collected, washed, cut to 8 cm length, and dried immediately at 60 ° C. Samples were ground and two 6-mg subsamples were extracted for sugars (glucose, sucrose) and starch using a modifi ed protocol of Fredeen et al. (1989) . We extracted sugars with 80% ethanol, evaporated the ethanol, reconstituted in water, and did a chloroform wash. We then digested a subsample with invertase buffered in 50 mmol·L −1 sodium acetate-acetic acid (pH 4.5) for sucrose quantifi cation. We extracted starch with 90% dimethyl sulfoxide (DMSO), then diluted to 20% DMSO with 50 mmol·L −1 sodium acetate-acetic acid (pH 4.5) buffer, and digested with β -amylase and amyloglucosidase individual was defi ned as a rosette of leaves deriving from a single shoot apical meristem superjacent to a section of rhizome. The preformed leaves are formed by the apical and any vegetative axillary meristems and are surrounded by the bases of the mature leaves ( Meloche and Diggle, 2001 ) . For each plant, we counted the number of mature leaves and separated and counted preformed leaves using a dissecting microscope.
Nonstructural carbohydrate measurement -We collected Geum rhizomes for nonstructural carbohydrate analysis from control and N fertilized plots on 13 August 2012. To describe the stores that Geum plants have upon entering the Relative abundance was measured using the point intercept method in 1 m 2 fi eld plots. For each species, signifi cant results from a repeated-measures mixed effects model are shown, testing the effect of N, competitor removal, time, and all two-and three-way interactions ( † P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001). Note that Geum declines in N-fertilized plots even when its competitor is removed.
type × fertilization, and species × fertilization as fi xed effects. Because we included Geum large roots in the analysis and Deschampsia does not have large roots, we could not test for species × tissue type and species × tissue type × fertilization effects. We used likelihood ratio tests to determine any inclusion of random effects (site, plot, sampling date, plant ID) and heterogeneous variances in the fi nal model.
Preformed leaves -Because Geum plants differed in total size, we calculated the ratio of the number of preformed leaves to the number of mature leaves. We tested the effect of fertilization and competitor removal on preformed leaf formation using a linear model with fertilization, removal, and fertilization × removal as fi xed effects. Inclusion of random effects (site, plot) and heterogeneous variances was tested with likelihood ratio tests.
Nonstructural carbohydrates -The effect of fertilization and the nonstructural carbohydrate type (glucose, sucrose, starch) on carbohydrates in the Geum rhizomes (% dry mass) was tested with a linear model with fertilization, carbohydrate type, and the two-way interaction as fi xed effects. Inclusion of random effects (site, plot) and heterogeneous variances was assessed with likelihood ratio tests.
RESULTS
In control conditions in the fi eld, both Geum and Deschampsia populations remained relatively stable over time ( Fig. 1A , C ). However, over 10 yr of fertilization, Geum signifi cantly declined in abundance, while Deschampsia increased ( F 1,18 = 14.6, P = 0.001 and F 1,18 = 4.96, P = 0.039, respectively, Fig. 1B, D ) . For both species, competitor removal increased the focal species' relative abundance ( Geum : F 1,18 = 12.3, P = 0.003; Deschampsia : F 1,18 = 32.5, P < 0.001). For Geum , this response was similar under both control and N fertilization conditions (no fertilization × removal interaction, F 1,18 = 2.03, P = 0.172); thus, the trajectory of Geum population decline was maintained even when its competitor was removed.
Nitrogen enrichment had similar effects on the microbial community in soil under both Deschampsia (which increases with N) and Geum (which decreases). Nitrogen decreased fungal ( F 1,21 = 21.4, P < 0.001) and bacterial ( F 1,21 = 20.5, P < 0.001) biomass as measured by PLFA by more than half and decreased fungal to bacterial biomass ratios ( F 1,27 = 5.43, P = 0.030) in both Geum and Deschampsia soil similarly (no species × fertilizer interactions, Fig. 2 ). Likewise, microbial community composition was signifi cantly affected by N enrichment ( F 1 = 9.13, Monte Carlo permutation test P MC < 0.001) and nearly signifi cantly affected by species ( F 1 = 1.66, P MC = 0.077), but not the interaction ( F 1 = 0.72, P MC = 0.702), as shown by the RDA ( Fig. 3A ) . Microbial communities under Geum and Deschampsia shifted to the same extent with N fertilization; Euclidean dissimilarity between control and N microbial communities in Geum was 0.092 ( ± 0.004 SE) and in Deschampsia was 0.088 ( ± 0.004 SE) (range is from 0-1, 1 being completely dissimilar; means are the same based on a t test, t 118 = 0.75, P = 0.45). In general, fungi and gram-negative bacteria, including desulfovibrio bacteria, decreased in relative abundance with N addition; and gram-positive bacteria, including actinomycetes, as well as gram-negative cyclopropyl bacteria increased in relative abundance ( Fig. 3A , Appendix 1) .
Overall, 13 C allocation to the soil represented about 8-14% of a plant's fi xed C (recovered after the 6-d period). Nitrogen enrichment did not affect the total amount of 13 C recovered in soil microbe PLFA ( F 1,16 = 0.117, P = 0.737) or the amount of 13 C acquired by soil fungi ( F 1,21 = 0.351, P = 0.560) in either Geum or Deschampsia ( Fig. 4A, B ) . However, N signifi cantly affected 13 C acquisition by other components of the soil microbial (for conversion to glucose). Glucose was assessed colorimetrically for all reactions using a BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, Vermont, USA). Glucose, sucrose, and starch concentrations are presented as percentage of dry tissue.
Statistical analyses -Species composition-
To test the effect of nitrogen fertilization and competitor removal on Geum and Deschampsia relative abundance over time, we fi t a repeated-measures linear model with fertilization, removal, year, and all two-and three-way interactions as fi xed effects using the nlme package ( Pinheiro et al., 2009 ). We included site as a random effect in all models and used the compound symmetry covariance structure to model correlated errors.
Microbial community -To assess whether N addition affected Geum and Deschampsia microbial communities differently, we fi rst calculated the total fungal and total bacterial biomass (as measured by PLFA, nmol PLFA·ml −1 ) and fungal to bacterial biomass ratios in each treatment. Microbial biomass was standardized by soil volume to account for differences in bulk density of the samples. We tested for signifi cant differences among treatments by fi tting a linear model with species, fertilization, and species × fertilization as fi xed effects. Inclusion of random effects (site, plot, sampling date) and heterogeneous variances in the fi nal model was tested with likelihood ratio tests ( West et al., 2007 ). Second, we tested whether composition of the microbial community was affected by plant species or fertilization. Microbial community composition in the 31 samples from the experimental plots (not the unlabeled plants from outside the plots) was measured as mol % of total PLFA (relative abundance); the effect of plant species and fertilization was tested by a redundancy analysis (RDA) in R using the package vegan ( Oksanen et al., 2010 ) . Site was used as a covariate in the RDA, which equalizes sites by centering all samples from each site at the origin. We could not do this effectively with sampling date, because the second sampling date only included one species and most of the plants were in the N treatment. Signifi cance of main effects was assessed with Monte Carlo permutation tests within vegan in R.
To assess C transfer to the microbial community, we calculated atom % excess 13 C for each PLFA by subtracting the mean atom % 13 C of unlabeled samples. The mass of 13 C in each PLFA was then calculated by multiplying the mass of PLFA C per gram soil by the mass of the soil in the PVC and the atom % excess. Because plants differed in amount of 13 C fi xed, we standardized 13 C transfer to the microbial community by dividing by the amount (grams) of 13 C fi xed by each plant. Total 13 C transfer to all microbes, to fungi, and to different bacterial groups as denoted by their PLFA markers was analyzed with linear models as described previously. The effect of species and N treatment on 13 C transfer patterns to the microbial community as a whole was analyzed by RDA as explained previously. One marker (18:3 ω 6) that was labeled in only one sample was omitted from this analysis, as singletons do not contribute greatly to community 13 C acquisition.
Plant tissue -Because plants differed in total size, we calculated biomass allocation as the percentage of biomass of each tissue type for each individual. For each species and tissue type, atom % excess 13 C was calculated by subtracting the mean atom % 13 C of unlabeled samples from the atom % 13 C of each labeled sample. The mass of 13 C in each tissue type was then calculated by multiplying the % C, the mass of the tissue, and the atom % excess. Because plants differed in total size and thus ability to fi x C, we standardized 13 C allocation by the total mass of 13 C fi xed by each plant.
To test whether Geum and Deschampsia had different biomass allocation and 13 C allocation in the control vs. N treatments, we fi rst fi t a linear model with species, fertilization, tissue type, and all two-and three-way interactions as fi xed dependent variables. Inclusion of random effects (site, plot, labeling date) and heterogeneous variances was tested with likelihood ratio tests. We then performed linear contrasts ( Z tests) using the multcomp package in R ( Hothorn et al., 2008 ) to specifi cally test whether Geum and Deschampsia have different responses to fertilization for shoot, rhizome, root, and dead root biomass and 13 C allocation. The formula we used was
where C is the contrast, G N is the allocation of Geum in the nitrogen treatment, G C is the allocation of Geum in the control treatment, D N is the allocation of Deschampsia in the nitrogen treatment, and D C is the allocation of Deschampsia in the control treatment. Thus, if C is greater than 0, Geum allocates more to the tissue type in the N plots compared to Deschampsia . Because Deschampsia does not have large roots, large roots were omitted from the analysis.
To analyze the effect of N enrichment on C : N ratios in Geum and Deschampsia , we fi t a linear model with tissue type, fertilization, species, tissue July 2013] FARRER ET AL.-CARBON ALLOCATION AND PLANT RESPONSE TO N DEPOSITION in Geum was 0.34 ( ± 0.02 SE) and in Deschampsia was 0.18 ( ± 0.01 SE) ( t 118 = 5.79, P < 0.001). Specifi cally, when grown in elevated N environments, Geum allocated twice as much C to gram-negative bacteria (particularly the fatty acid 16:1 ω 7, and also 16:1 ω 9 and 18:1 ω 7), whereas Deschampsia did not have this response (signifi cant species × fertilization interaction, F 1,21 = 5.31, P = 0.032, Fig. 4C , Appendix 2).
community (RDA, F 1 = 2.19, Monte Carlo permutation test P MC = 0.026), and this occurred differently in Geum vs. Deschampsia (species × fertilization interaction, F 1 = 2.19, P MC = 0.027, Fig. 3B , Appendix 2). Interestingly, in response to N, the community of microbes receiving plant C shifted signifi cantly more in Geum vs. Deschampsia ; Euclidean dissimilarity between control and N-fertilized, 13 C-labeled microbial communities bacterial biomass, and (C) fungal to bacterial biomass ratio in Geum and Deschampsia soil in control and N fertilization plots measured using phospholipid fatty acids (PLFA). For each measurement, signifi cant results from a linear mixed effects model testing the effect of species, fertilization, and species × fertilization are shown ( † P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001). Note that the y -axis scales differ. Fig. 3 . Effect of plant species ( Geum , Deschampsia ) and N fertilization on (A) soil microbial community structure and (B) carbon allocation to the soil community. For (A), microbial community is measured as relative abundance of phospholipid fatty acids (PLFA) (mol %). Redundancy analysis (RDA) and Monte Carlo permutation tests determined that fertilization explained 16.8% of the total variance in microbial community composition ( F 1 = 9.13, P MC < 0.001) and species explained 3.1% of the variance ( F 1 = 1.66, P MC = 0.077). The species × fertilization interaction was not signifi cant (1.3% of the variance, F 1 = 0.72, P MC = 0.702). For (B), carbon allocation is given as micrograms of 13 C recovered in the PLFA standardized by the grams of 13 C fi xed by each plant. Fertilization explained 5.0% of the variation ( F 1 = 2.19, P MC = 0.026), species explained 4.5% (F 1 = 1.94, P MC = 0.043), and the interaction explained 4.8% ( F 1 = 2.19, P MC = 0.027). Each arrow represents one PLFA; black arrows highlight gram-negative bacteria, medium gray corresponds to PLFA that represent other groups of microbes, and light gray are PLFA that do not represent a particular group (unassigned). [Vol. 100
DISCUSSION
Human activities have greater impacts on the global N cycle than on any other major biogeochemical cycle, and increased N deposition contributes to many aspects of global biological change. One well-documented effect is that N deposition generally decreases biodiversity. It has been generally assumed that resource competition is the driving process behind the species decline ( Grime, 1973 ; Newman, 1973 ; Huston, 1979 ; Tilman, 1987 ; Goldberg and Miller, 1990 ; Stevens and Carson, 1999 ; Rajaniemi, 2002 Rajaniemi, , 2003 . However, recent studies are challenging this assumption, fi nding evidence that other factors such as soil acidity, mycorrhizal fungi, and rarity also mediate species decline ( Roem and Berendse, 2000 ; Johnson et al., 2003 ; Suding et al., 2005 ) . Here we showed that (1) reduced C storage due to N fertilization causes the decline of a susceptible plant species, (2) plant-microbe C transfer shifts at high N more in the susceptible species; however, (3) the plant-microbe C transfer is not suffi cient to lead to reduced C storage in plants. We conclude that plant physiological mechanisms, rather than changes in plant C transfer to microbes, contribute to reduced C storage and the mortality of the susceptible plant species at high N.
Changes in plant biomass and C allocation -In seasonal environments, perennial plants must be able to fi x and store enough C over the growing season to survive the winter and emerge the following year. Here we fi nd that the plant species that declines with N fertilization, Geum , allocates less C and biomass to belowground rhizomes and roots with N enrichment. This changed C allocation likely affects the ability for Geum to emerge in the spring and is consistent with the observation that Geum plants appear healthy in N fertilization plots during the summer, but fail to emerge in subsequent years (E. Farrer, personal observation).
Changes in belowground C allocation affected the capacity to preform leaves for future years. Many plants, particularly in systems like tundra with short growing seasons, use C obtained later in the growing season to preform leaves 1 yr in advance of expansion into a mature leaf to capitalize on the early-season growth period ( Diggle, 1997 ; Meloche and Diggle, 2001 ). In particular, Geum produces preformed leaves 2 yr in advance Geum and Deschampsia differed in their biomass allocation and within-plant 13 C allocation responses to N ( Table 1 , significant species × tissue type × fertilization interaction). Geum responded to N by allocating less biomass to roots ( Z = −2.09, P = 0.037) and rhizomes ( Z = −2.03, P = 0.042) compared with Deschampsia ( Fig. 5A ) . Geum also allocated more of its recently fi xed C to shoots ( Z = 1.68, P = 0.094) and less C to rhizomes ( Z = −2.06, P = 0.040) and roots ( Z = −3.12, P = 0.002) compared with Deschampsia under N fertilization ( Fig. 5B ) .
The preformed leaf data, rhizome nonstructural carbohydrates, and tissue C : N analysis all suggest that Geum is more C limited in N-fertilized plots. Geum produced fewer preformed leaves per mature leaf in N-fertilized plots ( F 1,17 = 5.23, P = 0.035, Fig. 6 ), and this ratio included values less than 1 in Geum plants grown in high N with Deschampsia competitors, indicating that Geum was not producing enough preformed leaves to maintain current plant size. Nonstructural carbohydrate reserves (glucose, sucrose, and starch) were signifi cantly lower in the rhizomes of Geum plants grown at high N ( F 1,42 = 13.9, P < 0.001, Fig. 7 ). Nitrogen enrichment also lowered C:N ratios in Geum much more than it did for Deschampsia (signifi cant species × fertilization interaction, F 1,93 = 14.8, P < 0.001, Fig. 8 ) . Fig. 4 . 13 C recovered in (A) all soil microbial phospholipid fatty acids (PLFA) and specifi cally in (B) soil fungi and (C) gram-negative bacteria by Geum and Deschampsia in control and N-fertilized plots after 6 d. Percentages are low because they only include 13 C recovery in living cell membranes (PLFA). Estimates of 13 C allocation to the soil as a whole in this system are ca. 8-14% of a plant's fi xed carbon. For each measurement, signifi cant results from a linear mixed effects model testing the effect of species, fertilization, and species × fertilization are shown ( † P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001). Note that the y -axis scales differ. TABLE 1. Results of a three-way ANOVA model testing biomass allocation (% of total plant biomass) and 13 C allocation (% 13 C fi xed by the plant) in Geum and Deschampsia in control and N-fertilized plots. Tissue type refers to shoots, rhizomes, and roots ( 13 C and biomass allocation), and dead roots (biomass allocation only). Numbers reported are the F -ratio followed by the numerator and denominator degrees of free dom; symbols indicate signifi cance (* P < 0.05, ** P < 0.01, *** P < 0.001). A three-way interaction would be expected if N fertilization has differential effects on allocation to storage organs in Geum and Deschampsia . ( Gallo et al., 2004 ; Bradley et al., 2006 ; Denef et al., 2009 ; Cusack et al., 2011 ; Rousk et al., 2011 ) may be attributable to shifts in plant species composition, we recommend incorporating plant species into microbial sampling designs (such as done by Weand et al., 2010 ; Veresoglou et al., 2012 ) . When assessing how a global change factor affects plantmicrobe interactions, it is not suffi cient to just document that microbial communities change with different plant species or in different global change treatments. Evaluating C transfer from ( Meloche and Diggle, 2001 ). Leaf preformation is dependent mainly on fi xed C that is translocated directly from mature leaves belowground to the preformed leaves during the growing season ( Magda et al., 1993 ; Jonsdottir and Watson, 1997 ; Meloche and Diggle, 2003 ) .
The consequences of the reduced belowground allocation in Geum were seen in lowered nonstructural carbohydrate stores in its rhizomes at the end of the growing season under high N. These nonstructural carbohydrates are particularly important for tundra plants to allow rapid leaf expansion in the spring after the snow melts, to take advantage of short growing seasons ( Billings and Mooney, 1968 ) . Delayed spring emergence could further lead to less total C fi xation over the growing season. Sugar content is also important in cold resistance and winter drought tolerance ( Billings and Mooney, 1968 ) , and nonstructural carbohydrate levels are directly related to winter survival ( Canham et al., 1999 ) . More generally, carbohydrate limitation has been implicated for large-scale tree mortality related to drought and warming associated with climate change ( McDowell et al., 2011 ) ; N deposition might have similar effects.
Changes in soil microbial community and plant C transferAs expected from previous work ( Treseder, 2008 ) , N enrichment decreased fungal and bacterial biomass, fungal to bacterial biomass ratios, and greatly altered the microbial community in our system. Because we assessed these effects at the level of individual plant species rather than the whole plot, we could demonstrate that changes occurred irrespective of the plant species association, as direct consequences of N fertilization ( EgertonWarburton and Allen, 2000 ; Bradley et al., 2006 ) . Importantly, the direct infl uences of N were in addition to, and did not overwhelm, plant species effects: species infl uences on the microbial community were still maintained in high N conditions. Thus, while changed plant species composition is often not considered in microbial studies, our results suggest that they could be an important additional factor-almost as important as N fertilization effects-in microbial community assembly: we fi nd that microbial communities will change both as a result of the direct effects of N and from the changes in species composition caused by N. Because much of the unexplained variation in microbial Fig. 5 . Linear contrasts of the difference in Geum and Deschampsia response to N fertilization for (A) biomass and (B) 13 C allocation. The contrasts are based on a linear mixed effects model with species, fertilization, tissue type, and all two-and three-way interactions as fi xed effects (see Table 1 ). They were calculated using
where C is the contrast, G N is the allocation of Geum in the N treatment, G C is the allocation of Geum in the control treatment, D N is the allocation of Deschampsia in the N treatment, and D C is the allocation of Deschampsia in the control treatment. Thus, if C is less than 0, Geum allocates less to the tissue type in the N plots compared to Deschampsia . Contrasts signifi cantly different from zero are marked as follows: † P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001. Fig. 6 . Effect of N fertilization and competitor ( Deschampisa ) removal on the number of preformed leaves standardized by the total number of leaves per plant of Geum . Signifi cant results from a linear mixed effects model testing the effect of N, competitor removal, and N × competitor removal are shown (* P < 0.05, ** P < 0.01, *** P < 0.001) [Vol. 100 fi eld experiments. Denef et al. (2009) found reduced C acquisition by fungi, as well as by gram-negative bacteria, in N fertilization plots in European grasslands. However, because their study was done at the whole-plot level, it did not distinguish differences in N effects on C allocation among plant species and may have refl ected changes in plant species abundance rather than changed interactions with particular plant species.
Plant C transfer to the microbial community shifted at high N in the plant species that declines with N, Geum , compared with the species that increases with N, Deschampsia. This change in C transfer for Geum occurred even though N fertilization caused equivalent change in the abundance of microbial groups associated with both species and suggests that N alters plant-microbe interactions more in Geum than in Deschampsia .
Gram-negative bacteria acquired more than twice as much C from Geum at high N compared with ambient conditions. This response did not occur in Deschampsia and was not associated with an increase in abundance of gram-negative bacteria (in fact they decreased in abundance). Gram-negative bacteria have been found to be important in processing recently photosynthesized, root-derived C in rhizosphere soil ( Lu et al., 2007 ) , and rhizosphere bacteria can also prevent disease ( Singh et al., 2004 ) or stimulate plant growth ( Bais et al., 2006 ) . Alternatively, the gram-negative bacteria could be pathogenic, consistent with the suggestion that soil pathogens might increase with N enrichment ( Toussoun et al., 1960 ; Strengbom et al., 2003 ; Blumenthal et al., 2009 ).
Contrary to bacterial interactions, C acquisition by soil fungi did not change signifi cantly with N enrichment in soil associated with Geum or Deschampsia . Our fungal markers (18:2 ω 6 and 18:1 ω 9) mainly represent fungi from the Ascomycota and Basidiomycota, which comprise diverse functional groups including saprotrophic fungi, mutualistic dark septate endophytes (which are important in alpine environments), and pathogens ( Muller et al., 1994 ; Stahl and Klug, 1996 ; Olsson, 1999 ; Mandyam and Jumpponen, 2005 ; Herman et al., 2012 ) . It is interesting that these fungi received more C from Geum compared with Deschampsia regardless of fertilization treatment, suggesting that Geum has stronger interactions than Deschampsia with fungi. While the C transfer from Geum did not change with increased N, we do not know whether any benefi ts that Geum received from its fungal symbionts (in return for the C) changed at high N. It may be particularly important for Geum , then, that fungal biomass declined dramatically with N enrichment.
Plant-microbe interactions do not reduce C storage -While we demonstrate that plant-microbe interactions shifted more in Geum in response to N fertilization compared with Deschampsia , total C acquisition by soil microbes did not differ between the control and fertilized plots. Even though gram-negative bacteria obtained more C from Geum under N enrichment, slight reductions in acquisition by other groups balanced this increase; total C transfer did not change. Thus, the reduced C storage and C limitation found in Geum plants under N enrichment is not caused by increased transfer to the microbial community. Rather, we suspect that the change in C storage is due to the physiological response of plants to elevated N resulting in reduced belowground transfer of C during the growing season.
One caveat to this conclusion is that our methods to assess C transfer were not optimal to detect acquisition by AMF. Thus, C transfer to AMF could be playing a role in plant C limitation. However, we suspect this is not the case because some of the plants to microbes is also essential because C is the currency and thus the evidence that interactions have taken place. To our knowledge, only one other study has examined N fertilization effects on C acquisition by the soil microbial community in Fig. 7 . Effect of N fertilization on nonstructural carbohydrates (glucose, sucrose, and starch) in Geum rhizomes. Nonstructural carbohydrates are measured as a percentage of dry mass of the rhizome. Signifi cant results from a linear mixed effects model testing the effect of carbohydrate type, N, and N × carbohydrate type are shown (* P < 0.05, ** P < 0.01, *** P < 0.001). Fig. 8 . Effect of N fertilization on C:N ratios in Geum and Deschampsia tissue. Geum has two types of roots: large roots ("Lg") > 1.5 mm diameter, "roots" < 1.5 mm. Signifi cant results from a linear mixed model are shown, testing the effect of tissue type, fertilization, species, tissue type × fertilization, and species × fertilization (* P < 0.05, ** P < 0.01, *** P < 0.001).
unassigned PLFAs, such as 16:1 ω 5, 16:0 ( Olsson and Johansen, 2000 ) , and 20:1 ω 9 ( Madan et al., 2002 ) , should incorporate AMF response (as well as other organisms) and plant C loss to these markers and to total PLFA did not increase at high N.
Importance of plant physiological response to N -Our results suggest that plant physiological response to N, without C losses due to changed microbial interactions, results in reductions in overall belowground storage, nonstructural carbohydrates, and leaf preformation. It is not an unusual response in plants to decrease biomass allocation belowground to nutrient acquisition organs like roots when N levels are high ( Xia and Wan, 2008 ) . However, if these same organs are used for C storage, this physiological response could be considerably detrimental to perennial plant survival in seasonal systems as global N deposition levels continue to rise.
Nitrogen enrichment caused Geum plants to retain C in their leaves during the growing season, reducing the preformation of leaves and lowering carbohydrate storage, thus compromising the ability of the plant to survive in the following years. Because many perennial species rely on carbohydrate storage and leaf preformation, we suspect that this may be a general mechanism causing species decline and recommend further work to assess the relationship between C storage and N effects.
The substantial decline in C : N ratios in Geum compared with Deschampsia at high N, also suggests that Geum was less able to offset increased uptake of N with increased photosynthesis and growth and instead retained N in its tissues. The consequences of very high levels of tissue N at a cellular level are unclear, because the compounds that store the N are unknown. In general, ammonium is toxic in plant tissue if not assimilated into organic forms upon uptake, and uptake may exceed assimilation rates in high N environments ( Limpens and Berendse, 2003 ) . Reduced nonstructural carbohydrate reserves might also be a consequence of high plant N uptake rates, because C skeletons are required for N assimilation into nontoxic storage compounds ( Monson et al., 2006 ) . It has been noted in many systems that species and functional groups display considerable variability in how much their tissue C : N ratio and N content respond to N fertilization ( Xia and Wan, 2008 ; Cui et al., 2010 ) ; however, this tissue chemistry response to N has not yet been generally linked to consequences for plant performance.
Conclusion -N deposition causes major shifts in plant community composition and overall declines of species diversity; however, knowledge about the mechanisms underlying these changes is currently lacking. Here we demonstrated that species decline may be due to C limitation from physiological responses of susceptible plants to high N including reduced C storage and preformed leaf investment. We also showed that plant-microbe interactions, particularly with soil bacteria, are altered under N enrichment; however, they are not the cause of plant C limitation, and more work is needed to test the whether altered plant-microbe interactions have any implications for plant performance. Manipulative experiments with a comparative focus across plant species are essential in understanding system responses to N enrichment. As N deposition continues to increase worldwide, further impacting biodiversity and associated ecosystem function, understanding mechanisms of species loss is essential to target susceptible species and reverse these effects.
